TRP channels are molecular sensors that endow animals with the ability to sense external temperatures. Recent studies have provided strong evidence that at least one TRP channel, TRPV1, is also essential for the maintenance of internal body temperature.
For many of us, when we conjure up images of paradise, we fantasize about a place with perfect weather. This is because we are most comfortable if our bodies don't have to work hard to maintain our very carefully controlled core temperature of around 37 C (60.9 C). Our ongoing battle for thermal stability is more than just a matter of comfort, however, as prolonged deviations from optimal core body temperature by more than a couple of degrees can be damaging, or even fatal.
Humans and other species employ multiple strategies to maintain thermal homeostasis. If it is too hot, healthy individuals get rid of excess heat by sweating and undergoing vasodilation. If it is too cold, we minimize heat loss through vasoconstriction, and increase heat generation by shivering ( Figure 1 , Physiological responses). We also employ parallel (and sometimes more enjoyable) strategies for thermoregulation, such as plunging into a swimming pool, sitting in the sun, or simply purchasing a plane ticket to a more temperate locale (Figure 1 , Behavioral responses). Of even more immediate concern than long-term deviations in core body temperature are extremely hot and cold skin temperatures, which cause rapid injury. Fortunately, we also possess acute withdrawal responses ( Figure 1 , Nocifensive behaviors) to minimize exposure to such extreme temperatures.
These complex, thermally driven mechanisms require that the nervous system constantly monitors internal and external temperatures. Our thermosensory cells are distributed over several anatomical locations (Figure 1) . Neurons in the dorsal root ganglia (DRG) and trigeminal ganglia extend dendrites just below the skin and function in the detection of external temperature. Internal body temperature is monitored by sensory neurons which extend processes into the viscera and vasculature. There are also thermosensory neurons in the spinal cord and brain. In fact, one brain region, the preoptic/anterior hypothalamus, is both a direct sensor of local temperature and an integrator of thermal input from peripheral neurons. Signals emanating from this region drive both physiological and behavioral responses to an 'undesirable' temperature.
One class of molecule critical for the detection of external thermal stimuli is a group of cation channels that are referred to as TRPs. These include four TRPV channels (TRPV1-4), which appear to account for detection of warm (TRPV3 and TRPV4), or painfully hot (TRPV1, R42 C; TRPV2, R52 C) temperatures. Mouse knockout studies of TRPV1, TRPV3 and TRPV4 have confirmed the contributions of these channels in nocifensive behavior and in thermotaxis [1] . TRPM8 is activated in vitro by cool temperatures (%23-28 C), while TRPA1 may be activated in vitro by thermal cold (%17 C) [2] , although this latter conclusion is controversial [3] . Thus, an open question is whether TRPM8 fully accounts for detection of cool and cold temperatures in vivo. Recent studies, discussed below, have directly addressed this issue. An additional question is whether any of the thermoregulatory TRPs also function in the detection and control of core body temperature: other new work has provided compelling evidence that TRPV1 provides such a function.
In retrospect, the earliest indication that TRPV1 is involved in thermoregulation came from the observation that capsaicin, a non-thermal activator of TRPV1 which elicits the sensation of burning, causes hypothermia in a variety of animals, including humans [4, 5] . Such a role was questioned, however, by the finding that TRPV1 2/2 knockout mice have a normal body temperature [6] . Nevertheless, several recent studies [7] [8] [9] , using TRPV1 antagonists, have provided strong evidence that TRPV1 makes an on-going contribution to thermoregulation. Introduction of these drugs caused hyperthermia in rats, mice and monkeys over the course of many minutes to a few hours. One explanation put forward to account for these seemingly contradictory results is that the drugs exert their effects by inhibiting tonically activated TRPV1, but that in TRPV1 2/2 knockout mice, compensation by other mechanisms masks the absence of that activity.
The new work by Steiner et al. [7] offers the most convincing evidence that TRPV1 participates in the regulation of body temperature. Their study employed a new highly specific and potent TRPV1 antagonist, AMG0347, which inhibits in vitro expressed TRPV1 with an IC 50 of <1 nM, regardless of whether the channel is activated by heat, capsaicin or low pH. Intravascular or intraperitoneal delivery of AMG0347 in rats and mice, respectively, rapidly induced hyperthermia, an effect opposite to that of capsaicin. Most importantly, AMG0347 did not cause hyperthermia in TRPV1 2/2 mice.
It was theoretically possible that AMG0347, which can cross the blood-brain barrier, exerted its effect by acting on channels in the hypothalamus. TRPV1 is expressed in this structure [10] and capsaicin induces hypothermia when it is administered to this region of the brain [4] . Nevertheless, AMG0347 appears to induce its effect through inhibition of channels in the abdominal cavity, rather than in the brain. In support of this conclusion, systemic infusion of AMG0347 did not induce hyperthermia following localized desensitization of TRPV1 in the rat abdomen [7] . What is more, TRPV1 antagonists that cross the blood-brain barrier poorly still evoke hyperthermia [8] . The demonstration that TRPV1 is functioning in the abdomen is consistent with previous findings that many afferents serving the viscera express TRPV1, and that the decreased fever response in TRPV1 2/2 mice, following exposure to a bacterial pyrogen, may be due to absence of TRPV1 function outside the brain [11] . Among the questions that remain is which of two major populations of visceral afferents, those projecting to the spinal cord or those projecting directly to the brainstem, is responsible for this effect.
A surprising conclusion from these studies is that the TRPV1 channels, which function in the regulation of body temperature, appear to be tonically activated via a mode other than through thermal stimulation. The nature of this activation mechanism is not known, but the identification of the relevant endogenous agonist(s) might permit the development of strategies for treating TRPV1 mediated pain, without affecting core body temperature, or alternatively, specifically modulating internal temperature in patients experiencing hypothermia or hyperthermia. Another unexpected finding is that AMG0347 causes hyperthermia through tail-skin vasoconstriction and thermogenesis, without impacting behavioral thermoregulation. Finally, a very recent study suggests that the hyperthermic effects of TRPV1 antagonists abate with repetitive application [12] . The anatomical, physiological, and molecular substrates of this adaptation should be fascinating topics for further study.
Do other TRPs functions in temperature defense mechanisms? One intriguing candidate is TRPM8, which is activated in vitro by thermal cooling or the chemicals icilin and menthol, which induce a cooling sensation. Application of menthol causes a bladder cooling reflex [13] , and subcutaneous injection of menthol in rats induces mild hyperthermia [14] , which is opposite the effect of capsaicin. Whether the effect of menthol on body temperature is through TRPM8 has not been addressed. Reminiscent of the story with TRPV1, the effects of menthol on body temperature may be external to the brain because TRPM8 expression is detected in multiple tissues, but not the brain. Nevertheless, intravenous injection of very low doses of menthol in rats does not affect body temperature, but does cause rats to select warmer temperatures in a thermal gradient [15] .
While it remains an open question as to whether TRPM8 plays a role in controlling core body temperature, three separate groups [16] [17] [18] have demonstrated, using TRPM8
2/2
mice, that TRPM8 is a key channel responsible for the detection of external mild cold. In contrast to wild-type, the knockout mice show a lack of preference for a comfortably warm zone, over cool temperatures. Nevertheless, the mutant animals retain an avoidance response to noxious cold. Slightly different results were reported with respect to acute nocifensive responses to painful or uncomfortable thermal stimuli. Two groups [16, 18] did not find any change in nocifensive behaviors to a cold plate (21 C or 0 C), while the third [17] found an increase latency for withdrawal from a cold plate (0.5 C). All three groups report deficits in the nocifensive response of TRPM8 2/2 mice to the cooling effects of acetone.
What is the mechanism that allows TRPM8 2/2 mice to detect noxious cold? There are conflicting reports as to whether or not TRPA1 is a cold-sensor in vitro [2, 3] or whether TRPA1 2/2 mutant animals display a defect in cold sensation [19, 20] . It may be informative to generate and analyze the cold responses in mice doubly mutant for TRPA1 and TRPM8. Another particularly important question for future investigation concerns the role of TRPM8 in the regulation of core body temperature. According to one group [16] , there is no change in internal temperature in TRPM8 2/2 animals. However, given the strong case for a role for TRPV1 in the regulation of body temperature, despite the normal internal temperature in TRPV1 2/2 animals, it is premature to conclude that TRPM8 has no such role. Therefore, it would be worthwhile to explore further the effects of menthol and icilin on core body temperature in mice, and to test whether any changes induced by these chemicals or exposure to a cold environment are altered in TRPM8 2/2 animals. Of equal importance is to identify highly potent and specific antagonists for TRPM8, and to determine whether changes induced by these drugs are absent in TRPM8 2/2 knockout mice. Time will tell whether TRP channels have as broad roles in the regulation of internal temperature, as they do in the detection of external thermal input.
